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Silica-based glass is one of the most important materials in telecommunications. Nonlinear features in silicate glasses are desirable in active devices. The macroscopic inversion symmetry prevents even-order nonlinear effects from taking place. Nevertheless, if this inversion symmetry is broken, for example, by thermal poling, 1 frequency doubling and the linear electro-optical effect can be induced. During the poling process, a dc electric field (E dc ) is recorded in the sample. In thermal poling, E dc is believed to arise from a space-charge distribution in the depletion layer near the anodic surface. An effective second-order susceptibility ( eff (2) ) as large as 1 pm/V can then be induced. 1 Since the optical nonlinearity is created in this layer or on its immediate vicinity, several studies have been carried out to characterize this region of the poled glass. The location, spatial extent, charge composition, and electric-field profile in the depletion layer depend on the poling voltage, temperature, atmosphere, and poling time. [2] [3] [4] [5] Some of the studies revealed that this region is a few micrometers wide 1, [4] [5] [6] [7] [8] and that the width is larger for vacuum poling than for poling in air. 5 Further, in some cases the depletion region was found to be neutral, and to finish at a thin distribution of negative charge. 5, 6 Positive ion in-diffusion 3, 7 and negative-charge emission 3-5,9,10 have been invoked to explain the neutrality of the layer. A correlation was also found between the width of the depletion region and the distribution of lithium ions in the sample.
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In this letter, we report on measurements of the depletion-layer width and the average recorded electric field in thermally poled silica as a function of the poling voltage.
The samples studied were 2-mm-thick, 20-mm-diam, Vitreosil silica disks containing nominally 4 ppm Na, 4 ppm Li, 2.5 ppm K, and 30 ppm Al. All samples were poled under similar conditions except for the applied voltage, which was varied from 2 to 8 kV. Poling was performed during 90 min at Tϭ280°C, in air, with pressed-on electrodes. The diameter of the anode ͑8 mm͒ was smaller than that of the silica disks. In this way, the same sample had regions inside and outside the anode contact, referred to as poled and reference regions, respectively. All the poled samples generated second-harmonic radiation upon excitation with Q-switched and mode-locked Nd:YAG laser radiation at 1.064 m. An interferometric technique 12 was used to accompany in real time and with submicrometer precision the etching rate of the poled samples. The anodic surface was etched with 20%-diluted hydrofluoric acid while the intensity of the optical interference between laser beams reflected by the cathodic and anodic surfaces was recorded in time, for both reference and poled regions. Figure 1 shows a typical result of the interference-fringe intensity as a function of the etching time for poled and reference regions. One observes a constant oscillation period T for the reference signal (T ref ϭ60 s͒. For the poled signal the period is longer during the first 1700 s (T pol ϭ80 s͒ and then becomes equal to the reference value T ref . It is known that the etching rate of silica depends on the magnitude of the electric field to which it is subjected, 13 on the concentration of various doping cations, 14 variation in etching rate, it is still possible to identify the depletion region as that where the etching rate is different than in the bulk of the sample. 12 Such a procedure was adopted in the present study. An additional feature seen in Fig. 1 is that the signal oscillation amplitude for the poled region decreases temporarily during etching in the depletion layer, as discussed later.
The etching rate of several samples poled under voltages from 2 to 8 kV was measured and normalized to the average rate of the reference region. Figure 2 shows results for three samples poled at voltages 2, 3.5, and 6.5 kV. The normalized etching rate is observed to be: ͑i͒ constant across the depletion layer; ͑ii͒ smaller in the depletion layer than in the reference: dl / ref ϭ(0.67Ϯ0.04); and ͑iii͒ independent of the poling voltage. Experiments carried out by etching the cathodic surface of a poled sample showed an etching rate equal to that of the reference ͑within the uncertainty of 5%͒.
The depletion-layer width w was determined from the position at which the normalized etching rate for the poled region becomes equal to 1, as illustrated in Fig. 2 for the sample poled at 3.5 kV. Figure 3 shows a plot of w as a function of the applied voltage. The solid squares are the experimental data and the straight line is a linear fit to the data. One observes that the thickness of the poled layer varies linearly with the poling voltage. The inverse of the slope represents the average electric field in the depletion region, E dc ϭ(5.3Ϯ0.3)ϫ10 8 V/m. Consequently, the average recorded electric field is found to be independent of the poling voltage. Its value is of the same order of magnitude of the electric-field mean value calculated using the present etching rate data and the model of Ref. 13 , which gives (3.5Ϯ0.5) ϫ10 8 V/m. The discrepancy can be attributed to the model, which was tested only for weak fields. The average field 5.3ϫ10 8 V/m is comparable to the 4.5ϫ10 8 V/m figure calculated by Carlson 17 under different poling conditions than prevailing here. It is also in rough agreement with the breakdown field for the silica glass. 18 If one attributes all the variation of the etching rate to the recorded electric field, 13 the above experimental findings imply that the field is directed from the anodic surface towards the bulk and the electric-field profile across the depletion layer is flat with amplitude E dc . The linear dependence of w with V is not in agreement with the simple one-ion model, for which it is expected that the width depends on the square root of the voltage. 2, 3, 6 The linear dependence would be consistent with a constant electric field E dc , built up across a width w and confined to it, with a magnitude independent of the applied voltage, so that VϭE dc ϫw. In this picture, due to a multiple positive-charge carrier transport in the thermal poling process, 5,7 a thin negatively charged layer would accumulate at a distance w from the anodic surface, leaving a neutral depletion layer behind it. The neutrality of the depletion region would arise from positive-charge in-diffusion 3, 7 or negative-charge emission.
3-5,9,10 Breakdown would set a limit to the maximum field in the heated glass to 5.3ϫ10 8 V/m, limiting the value ͑Ϫ͒ of the charged-layer density. A positively charged layer ͑ϩ͒ would be attracted to the sample surface due to the electric field, creating a system similar to a plane-plate capacitor, with an electric field confined to the depletion region. This would give rise to a constant E dc along w and independent of V.
Assuming to a first approximation that the value of (3) of the glass ͓5ϫ10 Ϫ22 m 2 /V 2 ͑Ref. 19͔͒ does not change much after poling, 20 and considering that in the depletion region eff (2) ϭ3 (3) E dc , another consequence of having the electric-field value pinned to the average value 5.3ϫ10 8 V/m is that the effective second-order nonlinear susceptibility created would be constant across the depletion layer and equal to 0.75 pm/V, irrespective of the poling voltage. Note, however, that the simple model discussed above would not account for the reduction in the SH signal for increasing poling times, as reported in several studies. 2, 3, 5 A couple more points can be noted. We believe that the present etching measurements are not in contradiction with those performed by Alley and Brueck 8 and Wong, Xu, and Fleming, 21 in which the etching rate of poled samples is modified only at the edge of the depletion region where the fringing field creates a large component perpendicular to the surface of the sample. Finally, as remarked above in regards to Fig. 1 , there is a strong loss of oscillation amplitude near the inner edge of the depletion region. This loss of amplitude can be attributed to nonuniformity in the etching rate due to the proximity of the nonuniform distribution of negative charges in the Ϫ layer.
In conclusion, we reported on measurements of the depletion-layer width and the electric-field magnitude in thermally poled fused silica. Under our poling conditions, the depletion layer width w varies linearly with the poling voltage: VϭE dc ϫw. The average recorded field E dc ϭ5.3 ϫ10 8 V/m, is independent of the poling voltage. 
